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JANNAF Activities

The following pages document current status of the ongoing JANNAF

c_jet Test_dards activity from the standpoint of the Analysis Sub-
Group of which the PI was requested by NASA to be chairman. Also
included are some representative contributions to date from thA Prinnin_l
Inv_stiaator relatina to this activity.
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Required Component Parameters and Definitions

Definition of the Combustion Efficiency (Energy-Based)

I. Preliminary_ Comments

The combustion efficiency is simply a normalized parameter, i.e.,

'actual out'

TIc = 'bestout'

and since the denominator ('best out') is entirely relative (depending on the assumptions of

what constitutes 'best' - what level of equilibrium model is used, complete reaction, details of

pressure value used in equilibrium model, etc.), the denominator of rio is entirely a user-

dependent reference quantity.

It is the numerator ('actual out') which the experiment AND the cycle code actually produce

and need. When 11¢is fed into a cycle code, the code simply scales away the denominator

using a pre-programmed method to calculate the 'best out', in order to get to the real input it

needs - which is the numerator (best viewed as corresponding to the mass fractions of the

reacting mixture - i.e., the chemical composition - at the station of interes0.

Hence, simply viewing tiC as 'experimental data' for input into a cycle code is incorrect; the

denominator calculation MUST be matched between the analysis of the experiment and the

cycle code into which the 1"1¢is to be input. Otherwise, the 'actual out' (the real input) is scaled

incorrectly. Even more obviously, if the cycle code utilizes a 'mass-flux based' combustion

efficiency definition and one inputs an 'energy-based' combustion efficiency, the

corresponding scaling is completely in error.

This is also true for the case where a one-dimensional or cycle analysis is used to produce an

1"1¢estimate from matching the wall pressure integral of an experiment. For such a case, in

order to have any meaning, it is necessary for that rh estimate to be accompanied by

information on the level of cycle code used, the chemistry model used, the exact definition of

the denominator (i.e., what level equilibrium or complete reaction mechanism was used), etc.

Without complete information, a person needing to use that 11¢value in any subsequent analysis

is not going to be able to get back to the real information which resides in the numerator ofthe

rh definition (the 'actual out').

II. Energy-Based Definition ofn._

h(Timix ' (Xmix'S) - h(Timix, ae's)

1"1¢= h (Timix, ct mix'S) - h(Timix, a complete FS)

reacdon

(1)
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(/" comp.lete =
reaction

mixed initial (reactant) species mass fraction (based on rhf_cl, fia_ir )

static temperature of mixed (initial) reactant species

actual mass fractions of product species at combustor station of interest

mass fractions of product species assuming complete reaction

h static enthalpy per mass

T_r J

N = number of species

Bo

C.

D.

Other Comments/Issues

The choice of T_ax rather than a reference temperature (say STP) in the recommended

definition of combustion efficiency is driven here by the need to exactly specify the heat of

reaction for a given system. Note that the recommended combustion efficiency here is

identical to that proposed in NASP TM 1107 "Hypersonic Combustion Kinetics," with the

exception that, in the latter reference, the temperature choice is considered arbitrary (but

normally chosen as STP) with the caveat then given that the choice of temperature influences

rio in an arbitrary (but small) fashion. Here, by choosing T_,_, (which is readily calculated in

any event), an exact representation of the heat-of-reaction-based combustion efficiency is

obtained.

The calculation of T_,,,x is easily obtained fi'om knowledge of inflow and fuel injection

conditions. A constant area, fi'ictionless wall, and adiabatic step solver can be constructed

which conserves mass flow rate, stream thrust, and total enthalpy flux. From this, mixed

conditions can be numerically computed.

The denominator of the recommended combustion efficiency can be computed utilizing an

equilibrium process rather than using complete reaction. However, if this is done, care must

be taken to specify fully the type and degree of equilibrium solver used in the definition so that

the key information (the numerator) can then be accessed from the rio value.

The definition of complete reaction for fuels other than hydrogen must be defined based on the

specific fuel-air chemistry relevant to the situation under analysis.
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2.3.2.2 Definition of theCombustionEfficiency (Mass-FluxBased)

An alternativedefinition of combustion efficiency can be given as follows:

"l'lC
(l)reacted = 1 -- _tmburnedfuel

(1) injected _ injected

where

mass flow rate of fuel injected

(1)injected = mass flow rate of fuel required for stoichimetric

combustion with available oxidizer

(l_ unburned fuel =

mass flow rate of unburned fuel

mass flow rate of fuel required for stoichimetric

combustion with available oxidizer

(I)reacted = (])injected - (_ unburned fuel
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2.3.2.3 Deriving CombustionEfficiency from ExperimentalData

In thecontextof cycleanalysis,a computedvalueof combustionefficiency representsa single-
valued representationof the reactionstateof the flow at a given station; the value is directly
calculatedfrom theknown speciesmassfluxesat thatstation. Sincethespeciesmassfluxes in a
cyclecodethemselvesarearesultof someassumedkineticsmodel(completereaction,equilibrium,
finite-rate,numberof reactions,etc.),thecombustionefficiencyvalueoutput from acyclecodeis
alwaysdependenton theparticularkineticsmodelusedto generateit (aswell aswhetherit isenergy
or mass-fluxbased).

It is common practice to derive an estimateof the combustionefficiency from experimental
combustordatawhich includesawall pressuredistribution. This isdoneby incorporatingacycle
analysisprograminto thedatareductioneffort. Principleinputsfor thecyclecodearethecombustor
inflow conditions, the combustor area distribution, the wetted perimeter distribution, wall
temperature,friction coefficient, andthewall staticpressuredistribution. At eachnumericalstep
in theprogramenoughfuel is allowedto reactinordertojust matchthemeasuredwallpressure.The
massfluxesof speciesat that stationarethenusedto calculatethecombustion efficiency, whether

energy or mass-flux based. Again, this value of combustion efficiency output is entirely dependent

on the particular kinetics model within the cycle code used for analysis of the data. In order to

enforce standardization, combustion efficiency obtained in this fashion from experimental wall

pressures should be derived using the lowest level kinetics model possible - complete reaction. If

more complex methods are used in the analysis, information on the details of the kinetics model

used must be provided along with any values of combustion efficiency given.
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2.3.3.1 OVERVIEW OF FORCESAND FORCE/MOMENTDEFINITIONS FORSCRAMJET

ENGINES

Considera rigid aerospacevehicle in flight throughtheatmosphere(seeFig. 1). Thereis some

resultantnet forcevector,Fg, which is associatedwith thesummationof all fluid dynamicpressure

andshearstressforcedistributionson all wettedsurfacesof thevehicle(both internalandexternal

to the engine). This net fluid dynamic force vector is inclusive of the conventionally defined li_,

drag, and thrust forces on the vehicle which, however defined, simply represent components of this

overall force vector. The wetted surfaces on which pressure and shear forces act include all internal

surfaces of fuel or propellant injector lines within the structure, going all the way back into and

including the surfaces of fuel]propellant tanks. Instantaneous vehicle acceleration, cruise

(equilibrium) or deceleration depend on i) the magnitude and direction of the overall fluid force

vector, ii) the weight force vector, and iii) any externally applied forces imposed on the vehicle (i.e.,

external to the vehicle such as an off-board electromagnetic force field). In the absence of the latter,

the instantaneous motion of the vehicle is governed by:

dVveh FR +W (1)m veh-- =
dt

Furthermore, if the line of action of the fluid force vector does not intersect the vehicle center-of-

gravity, there is an instantaneous moment causing rotation of the vehicle about the center-of-gravity.

2.3.3.1.1 DEFINITION OF ENGINE REFERENCE LINE

Assume that there is some distinct geometric line (x axis) running through the vehicle center-
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of-gravity and defined with respect to the engine frame. This line is generally longitudinal (axial

- denoted 'x') with respect to the general lines of the internal configuration of the engine frame (see

Fig. 2); positive x is measured from left to fight along this line (i.e., out the vehicle tail). There are

planes perpendicular to this line which can be identified as the inlet face-plane (o) and the nozzle

exit-plane (6) of the engine.

2.3.3.1.2 DEFINITION OF PROPULSION COORDINATE SYSTEM

The z axis is defined as that line with origin at the center-of-gravity (¢g) which is formed by the

intersection of the plane orthogonal to the x axis with the symmetry plane of the vehicle. Let

positive z be as shown in Fig. 1. The y axis with origin at the cg is then defined by the usual right-

hand system such that positive y is in the direction of the right wing of the vehicle (as shown).

2.3.3.1.3 DEFINITION OF ENGINE THRUST, F x

The engine net thrust is formally defined as that component of the overall resultant force vector

which is parallel to the engine reference line and which is associated with all pressure and shear

force contributions on all engine wetted surfaces between the inlet face-plane and the nozzle exit-

plane. Positive thrust is measured in the negative x direction. Hence:

6

Fx =- _ (Pw fix + X,vx) dSw (2)
O

Sw = total wetted surface area of the engine between inlet face-plane and the nozzle exit-plane
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Pw

2IX

O

6 =

fluid dynamic static pressure acting on wetted engine surface

axial component of shear stress on wetted engine surface (positive when flow is moving

in positive x direction)

the axial component of the 'unit normal' directed outward from the fluid (into the engine

structure) along the wetted surface

inlet face-plane

nozzle exit-plane

2.3.3.1.4 THRUST DEFINITION ISSUES

Thrust Force on an Enclosed Streamtube

From the standpoint of steady quasi-one-dimensional analysis, the axial force felt by all wetted

internal surfaces (side boundaries) surrounding an enclosed streamtube (shown in Fig. 3) from

inflow plane, i, to outflow plane, e, (perpendicular to x) is by the momentum equation as follows:

C

F'x = rh,u, + PeA c -rhiu i -PiAi = -_(Pwfix + x_)dSw (3)
i

where u is the velocity, rh is the mass flow rate, etc.

This is the raw axial force transmitted to the solid structure surrounding the fluid (i.e., it is the force

measured in a direct-connect test of the internal configuration of an engine). This expression

includes the axial force contribution of all fuel/propellant injection systems between i and e. It

is valid for rocket engines (with rh i , A i = 0) as well as air-breathing jet engines.
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Conventional Definition of Thrust Force on Enclosed Streamtube

If an external axial force component resulting from constant ambient pressure (P_ in this case) acting

on the external surfaces from i to e is assumed, then the conventional definition of engine thrust (in

fact developed from consideration of a low-speed engine on a thrust stand at static conditions) is

obtained as:

Fx 11 = rileUe- IiliUi + Ae(Pe-Pi) (4)

Note, however, that this definition includes the assumption of a uniform P_ acting on external

surfaces from i to e; if this definition is used, care must be taken to account for this assumption for

a vehicle/engine NOT at static (Mo = 0) conditions. For such a case, all external aerodynamic

pressure force terms should be based on Pact - Pi ('gauge'). As a cautionary note, external CFD is

often used which works in terms of absolute pressures (not gauge pressures). It is always necessary

to correctly match experimental and analytical force definitions as well as internal force definitions

and external force definitions.

Definition of 'Additive' Draz (Scram jet Engine)

A scram jet engine which is integrated into the airframe is generally considered to be composed of

the entire underside of the vehicle with the exception of the underneath side of the cowl. Based on

this consideration, a control volume from vehicle leading edge to vehicle trailing edge can be drawn

which encompasses all fluid entrained and processed by the internal part of the engine. There

generally exist surfaces of this control volume which are not bounded by any solid (wetted) surfaces

of the vehicle but are instead simply fluid-fluid interfaces. Such surfaces usually exist upstream of
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thecowl leadingedgeanddownstreamof the cowl trailing edge.

i) Consider first a podded (conventional) engine as shown in Fig. 4: the actual thrust force

transmitted to the engine structure (along the internal wetted surfaces) by the fluid is given by (3)

as:

Fx_ = riaeu e + PeAe - l'hiu i - PiAi (5)

However, it is often considered advantageous to write the thrust expression in terms at o (free-

stream) rather than at i. If there is acceleration or deceleration of the entering fluid streamtube

upstream of i, such as shown in the figure, there is a corresponding change in flow conditions from

o (free-stream) to i. The so-called 'uninstalled' thrust (not including external drag) is written here

as

Fx_,,,_,,,, = rheu c + peAe - thou o - PoAo (6)

This defines the overall force resulting from differential pressure and shear forces on all boundaries

of the capture streamtube from o to e, i.e., including the fluid-fluid interfaces external to the engine

(from o to i). However, forces on such interfaces cannot contribute to the actual force experienced

by the solid wetted surfaces of the engine from i to e. Hence, the additive drag is readily defined by

subtracting the actual thrust from the uninstalled thrust (where rhi = riao for steady flow):

Dadd = Fx=_,_,. ' - Fx._ = rho(u i - uo) + PiAi - PoAo (7)

This term simply represents the inevitable reduction in thrust from the uninstalled thrust definition

due to external acceleration or deceleration of the captured streamtube.
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ii) Now consider a hypersonic engine defined as encompassing the entire lower vehicle surface from

vehicle leading edge (o) to vehicle trailing edge (6) with an intemal engine configuration from i to

e (Fig. 2). The capture streamtube is enclosed with a control surface as shown in the sketch. Planes

at o and 6 are perpendicular to the engine reference line as previously defined. Let u be the velocity

component along this line.

Define the total axial force felt by the side boundaries of the capture streamtube from o to 6 as

Fxo_, = ri'16u 6 + P6A6 - rhou o - PoAo (8)

Note that if the wetted (solid) surfaces of the vehicle completely enclosed this streamtube from o to

6 (corresponding to a cowl extending from o to 6), this expression would represent the thrust actually

delivered to the vehicle by the engine. However, there are portions of the flowpath which are not

bounded by solid surfaces (from o to i 'underneath' the forebody and from e to 6 'underneath' the

afterbody). The forces on these surfaces contribute to Fxo_, but do NOT operate on the vehicle - i.e.,

they do not contribute to the actual thrust force felt by the vehicle. Hence, the following expression

can be written:

FX.

F x -- ril6u 6 + P6A6 - riloU o - PoAo - D add -- D add (9)
(o_o O (¢_ 63

delivered thrust (axial force experienced by wetted surfaces of engine from o to 6) (positive

in the -x direction)

where D add is the axial component of the force associated with the upstream (o to i) portion of the
(oto i)

streamtube not bounded by any wetted surface of the vehicle and, similarly, D aaa is the axial
(era 6)
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componentof the forceassociatedwith the downstream(e to 6) portionof the streamtubenot

boundedby anywettedsurfacesof thevehicle.

iii) The formal integral definitionsof the additivedrag componentsfor anair-frameintegrated

scramjet aregivenbelow:

Dadd = - _(Pbfix+ Zbx)dS b (10)
otoi

O

6

Dadd = -- j'(Pblax + "_bx)dSb
cto6

¢

(11)

where Sb is that portion of the capture streamtube not bounded by vehicle/engine wetted surfaces

(i.e., Sb encompasses all fluid-fluid interfaces of the streamtube boundary) and xb is the shear stress

acting on Sb.

2.3.3.1.5 INTEGRAL DEFINITION OF THRUST

From the previous discussion, the formal definition of thrust (eq. 2) can be presented (rewritten) in

integral form:

i 6

_ _-I[_u_•_l_0-I[_u___]_o• I__x_Sb • I_ _S_ _)
6 o o •

2.3.3.1.6 MEASUREMENT OF THRUST

This completes the formal comprehensive definition and discussion of the absolute thrust force

experienced by a hypersonic vehicle with an airframe-integrated scramjet engine. It follows that

38



therearethreewaysto measurethethrustof theengine:

a) directmeasurementby thrust-stand

b) completedifferential descriptionof pressureand sheardistributionson all wetted surfaces

(internalandexternal)(eq.2)

c) completedifferentialdescriptionof capturestreamtubedensity,velocity,and pressure on inflow

and outflow planes AND complete differential description of pressure and shear force

distributions on ALL fluid-fluid interfaces (free-surfaces) of the capture streamtube (eq. 12).

In the total absence of experimental (or numerical) errors and uncertainties, these three methods

yield completely equivalent values of thrust.

2.3.3.1.7 FUEL CONTRIBUTIONS TO THRUST

The definitions of engine thrust given in eq. (2) and eq. (12) are inclusive of ALL pressure and

viscous forces on the entire wetted surface of the engine, including internal fuel injector lines and

the envelope of the propellant tanks themselves. The component of the overall force vector

associated with the fuel injector tanks and lines can itself be calculated from Newton's law as:

_'inj = I Pinj Qinj(_rinj'fi)ds°rifice+ IPinjfidS°rifice (13)

where the surface of the fuel injection orifice is now treated as part of the wetted surface of the

engine in defining the direction of fi (see Fig. 5).
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Hence, if the fuel system wetted surface areas are neglected in the integral definition of the wetted

surface areas in eq. (2), the expression for the thrust becomes:

6

Fx = -;(Pwfix + Xwx)dS w - Fx_.j (14)
O

where Sw no longer includes the fuel system wetted surfaces (note that the area associated with the

fuel injection orifices are also not included).

2.3.3.1.8 ENGINE LIFT FORCE

The engine lift force is defined here as the component of the overall force vector parallel to the z

coordinate direction which is associated with the pressure and shear force contributions on all engine

wetted surfaces from o to 6. This is written as follows:

6

Fz = ;(pwfiz + Xwz)dSw (15)
O

where %,z is positive when the fluid is moving in the positive z direction.

This can be written in integral form as

i 6

F z = ;[9uwd.m o - ;puwdA 6 - ;(Phil+ "%z)dSb- ;(Pbfiz + %z)dSb
o 6 o •

where w is the velocity component in the z direction.

(16)

2.3.3.1.9 ENGINE SIDE FORCE

The engine side force (y direction) is defined as the component of the overall force vector which is
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parallel to they axisandwhich is associatedwith thepressureandshearforcecontributionsonall

enginewettedsurfacesfrom o to 6. This iswritten asfollows:

6

Fy= j'(P,d,y+ (:7)
0

where "rwyis positive when the fluid motion is in the positive y direction.

This can be written in integral form as

i 6

o 6 o e

where v is the velocity component in the y direction.

(18)

2.3.3.1.10 DEFINITION OF ENGINE-INDUCED MOMENTS

Each differential pressure and shear force, dF, on the wetted surface of the engine has a moment arm

with respect to the vehicle center-of-gravity (the origin). Let R. = x_ + y] + zl: define the moment

arm vector. The differential moment is then defined as fLxdF.

The

expressions:

Pitch (Positive Nose Up)

moments about the center-of-gravity (cg) of the vehicle are then given by the following

M¢_ = - f(Pwfiz

6

+ "rwz)xesdSw + _(Pwfix + "t_)zcgdS w
O

(19)
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Roll (Positive Right Wing Up_l

M cg._, = - I (Pw fiz

Yaw (Positive Nose LeR)

6

+ "_w.z)YcgdSw - I(Pwfiy + l:_y)zcgdSw
0

6 6

Meg,." = I(P_fiy + %y)xcsdSw - I(Pwfi_ + x_x)ycgdSw
0 0

(20)

(21)

2.3.3.1.11 INTEGRAL DEFINITION OF MOMENTS

The moments can also be written in terms of the integrated inflow and outflow plane fluid variables

utilizing the moment-of-momentum theorem. The moment-of-momentum theorem for steady flow

over the engine control volume is given by:

ElL@ = IP(RxV) V. fi) dS (22)
S

Utilizing this theorem, the following expressions for the engine-induced moments can be derived

(note that these are equivalent to equations 19, 20, 21):
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Pitch

Mcgee. = I[puwxcg - (flu2 + P)zcg]dA6 -

A6 Ao

i i

+l<Vb_z+%z)xo_dS_-f(P_ +_z0,ds_
o o

(23)

6 6

¢ e

Roll

Mcgma = I pu(ycgw - zcgv)dA° - Spu(yCgw - zegv)dA6

A o As

i i

+ _(Pbfiy + %y)zcsdSb- I(Pbfiz + %z)ycgdSb
o o

(24)

6 6

+ I(Pbfiy + %y)ZcydSb- I(Pbfiz + %z)YcgdSb
c c

Yaw

Mcgm, = f pu(xcgv - ycgu)dAo - _pu(xegv- yegu)dA 6

A o A6

i i

+ I(Pbfix + Zbx)YcgdSb- I(Pbfiy + Zby)xcgdSb
o o

6 i

+ I(Pbfix+ %x)YcgdSb- I(Pbfiy + %y)XcgdSb
• o

(25)
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2.3.3.1.12 MEASUREMENT OF ENGINE-INDUCED MOMENTS

This completes the formal comprehensive definition of the moments experienced by a hypersonic

vehicle with an airframe-integrated scramjet engine. It follows that there are three ways to measure

the moments of the engine:

a) direct measurement

b) complete differential description of pressure and shear distributions on all wetted surfaces

(internal and external) (equations 19-21)

c) complete differential description of capture streamtube density, velocity, and pressure on

inflow and outflow planes AND complete differential description of pressure and shear force

distributions on ALL fluid-fluid interfaces (free-surfaces) of the capture streamtube.

(Equations 23-25)

In the total absence of experimental (or numerical) errors and uncertainties, these three methods

yield completely equivalent values of the moments.

2.3.3.1.13 DEFINITION OF MASS CAPTURE

The mass capture of the engine is that air mass flow rate actually processed by the internal

configuration of the engine. Referenced to the previous engine diagrams, this mass flow rate is

defined based on the mass flux passing through the internal configuration inflow plane, i. It is given

as follows:
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rhcap= IPudAi (26)

2.3.3.1.14DEFINITION OFFUEL MASS FLOW RATE

Thefuelmassflow rate is definedasfollows:

mfuel= - lp fuel(_'fuel • fi)dAorifice (27)

AQdfi_

Here, pf_ is the density of the injected fuel, etc. The unit normal is oriented as previously defined

(outward from the engine control volume surface which cuts - in this case - through the plane of the

injection orifices).

2.3.3.1.15 DEFINITION OF SPECIFIC THRUST, F_

Specific thrust is defined as the delivered engine thrust divided by the air mass flow rate captured

and processed by the engine:

Fsp = .Fx (28)
recap

2.3.3.1.16 DEFINITION OF SPECIFIC FUEL CONSUMPTION, TSFC

TSFC is defined as the total mass flow rate of fuel (in mg/sec) divided by the delivered engine thrust

in Newtons:

TSFC = rhf_el x 10 6 (29)

rx
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whereriaf,,elhasunitsof kg/sec.

2.3.3.1.17DEFINITION OFENGINE SPECIFICIMPULSE, Iv

Enginespecificimpulseis definedasthedeliveredenginethrustdividedby thetotal weight flow

rateof fuel:

Fx (30)
Isp= gorhruet

where go is the sea level gravitational acceleration (9.81 m/s2), rhruci has units of kg/s, F, has units

of Newtons, and specific impulse has units of seconds. Note that I,p is directly proportional to the

inverse of the TSFC.
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2.3.4.3 Component-LevelDerivedSystemPerformance

The successfuldesignandflight of ahypersonicscramjet-poweredvehiclerequiresthethorough
integrationandoptimizationof thepropulsionsystem.Eachcomponentin a high-speedjet engine
shouldultimatelybeassessedandoptimizedin termsof maximizing aperformancecriteriawhich
directly measuresthe capabilityof the vehicle to performan overallmission. This implies that
componentevaluationanddesigncannotbe separatedfrom either theengineor (ultimately) the
vehicle into which the componentis to be integrated. Traditional enginecomponentdesign,
however,hasnot systematicallytaken into account the synergistic potential which exists when a jet

engine (or vehicle) is designed as a single thrust-producing fluid-dynamic device. In this sense, it

is erroneous (or at least inaccurate) to state that the 'function' of the combustor is to inject, mix, and

bum the fuel with the air, and the 'function' of the nozzle is to expand the products of combustion

and generate thrust. This functional compartmentalization of the various engine components, while

convenient, is unfortunate because it usually leads to attempts to analyze and optimize individual

components strictly in terms of these specified functions rather than in terms of the performance of

the overall engine.

This leads to the following statement of principle when assessing experimental data:

In order to correctly assess performance of a scramjet engine component which is

tested experimentally (or modeled analytically/numerically), it is necessary to assess

the component within the context of the complete engine design.

The above discussion leads naturally to a single effectiveness definition for engine component

design; the effectiveness of an individual engine component, however identified, should be measured

solely on the basis of its contribution to overall engine performance. In this broad sense, inlet design
and optimization should be done utilizing the same criteria as the combustor, the combustor as the

nozzle, etc. This concept, in fact, simply addresses the engine as a single fluiddynamic device rather

than as a collection of components which are individually optimized using different performance

figures-of-merit. For component design, this requires performance meksures which accounts for the

synergism between components.
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2.3.4.3.1 EnginePerformanceMeasures(Definitions)

At a given vehicle-engineorientation/flight Mach number/altitude,overall scramjet engine
performanceis definedby thefollowing criteria:

1. engine net thrust (axial force development)

2. engine overall lift (vertical force development)

3. engine overall side-forces (transverse force development)
4. overall moments

5. overall heat load

6. mass flow rate of fuel

7. detailed heating distribution on wetted surfaces (for determination of high heat-transfer regions)

8. engine weight (not considered here)

There are three distinct sets of experimental data which allow the assessment of the above list of

overall engine performance criteria:

a) If i) pressure, shear stress, and heat transfer distributions on ALL wetted surfaces of the engine

are known and ii) all inflow (air and fuel) conditions are known - including captured air mass

flow rate, then all of the above overall engine performance criteria can be calculated.

b) If complete (detailed) flow-field characterization of engine 'entrance' and engine 'exit' planes

are known (i.e., pressure, temperature, velocity components, species mass fractions and their

spatial distribution on these entrance and exit planes are known), then all the above'overall

engine performance criteria with the exception of the detailed heating distribution (7) can be

calculated. However, for a realistic scramjet engine in which the capture streamtube interacts

with external flow both upstream and downstream of the cowl, there are complications with this

statement. Nevertheless, it is formally exact for the internal flowpath of the engine and will be

useful in the definition of experimental requirements for internal components.

c) Direct measurement of 1-6 above using force/moment balances, thermal bath, flow meters, etc.,

on the engine as a whole could be (conceptually) made.
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2.3.4.3.2 Performance-BasedAssessment of Experimental Data

The attached figure (Fig. 1) illustrates the stated principle of system performance-based

measurement of component performance and its application in assessing/analyzing component

performance from experimental data. The let_ block represents experiment/testing and is sub-

divided into various 'component' tests. Note that there is (of course) no restriction on testing the

entire engine and obtaining 'true' engine performance (staying in this left-hand block exclusively).

For such a test, the fight-hand side (the analytical path) is irrelevant, at least from the standpoint of
this discussion.

However, a stand-alone component test requires lateral movement from left to right on this chart.

Results of the component test must be correctly characterized in terms of component performance

such that these characterizations serve as direct inputs into an engine analytical solver (the right
block in the figure). This is done in order to obtain component performance in terms of estimated
overall engine performance.

The engine analytical solver (represented by the fight block in the figure) can be configured with

varying degrees of complexity, ranging from full Navier-Stokes CFD solutions to the simplest cycle

solver. The minimum acceptable standard for the analytical solver is a "zero-order" cycle solver.

(A zero-order cycle solver is defined in this work as through-engine single-stream analysis

conserving mass, momentum, energy and including - as necessary - combustion modeling).

Figure 1 also illustrates the concept of the 'minimally complete' component experiment - such an

experiment obtains enough characterization of component performance (to be fed as input into the

analytical solver) such that the analytical module (right-hand side) in Fig. 1 for that component is

unnecessary within the overall analytical solver. This definition does not preclude, however, some

accepted level of analysis in the performance characterization of the component.

As will be discussed subsequently, an example of an incomplete combustor experiment would be

a combustor experiment with significant heat transfer in which overall forces and moments are

measured along with characterization of the degree of combustion at the combustor exit (in some

fashion) but overall heat transfer from the component is NOT measured. It is impossible in such a

case to completely replace the analytical module for the combustor, one cannot without extensive

modeling estimate flux-consistent combustor outflow conditions for input into the downstream
nozzle module.
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2.3.4.3.3 Required Experimental Data for Calculation of Component Performance Contributions

and Component-Based Engine Performance

The following section provides five scenarios for data provided from a generic scramjet component

experiment and the resulting ability - or inability - to construct:

i) actual component contributions to all engine performance parameters (thrust, lift, moments, side

force, heating distribution, bulk heating load) as detailed in 2.3.4.3.1

ii) component exit plane axial fluxes for downstream cycle-code assessment of component-based

overall engine performance, and

iii) distortion information on component exit plane

Note that these five scenarios are not unique; other scenarios can be constructed. However, the five

scenarios represent typical experimental data/analysis integration capability. Also note that

component lift/side-force/moments can be measured by test stand force/moment balances if deemed

necessary.

SCENARIO A:

1. Component experimental data provided:

- complete description of inflows

- complete description of exit plane fluid dynamics including species mass fluxes

- Clwan (x, perimeter)

(r k on exit plane directly calculable from exit plane information)

2. Component contributions to engine performance which are able to be calculated:

- all (component thrust, lift, sideforce, moments, heating distribution, overall heat load)

3. Component exit plane axial fluxes for estimating component-based engine performance able to

be calculated?

- yes (highest fidelity)

4. Component exit plane distortion information available?

- yes

SCENARIO B:

1. Component experimental data provided:

- complete description of inflows

- complete description of exit plane fluid dynamics including species mass fluxes
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(_conexit planedirectly calculablefrom exit planeinformation)

2. Componentcontributionsto engineperformancewhich areableto becalculated:

- all exceptheatingdistribution(componentthrust,lift sideforce,moments,overall heatload)

3. Componentexit planeaxial fluxesfor estimatingcomponent-basedengineperformanceableto
becalculated?

- yes(highestfidelity)

4. Componentexit planedistortion informationavailable?

- yes

SCENARIOC:

1. Componentexperimentaldataprovided:

- completedescriptionof inflows
- P,_n(x, perimeter),Clwal_(x, perimeter), Xwan (x, perimeter)

(rio (x) obtained by experimental analysis - 'match' averaged wall pressure using cycle analysis)

2. Component contributions to engine performance which are able to be calculated:

- all (component thrust, lift, sideforce, moments, heating distribution, overall heat load)

3. Component exit plane axial fluxes for estimating component-based engine performance able to

be calculated?

- yes

4. Component exit plane distortion information available?

o no

SCENARIO D:

1. Component experimental data provided:

- complete description of inflows

" Pwall(X), Clwall (X), twan (X)

(rl¢(x)obtainedby experimentalanalysis- 'match'wall pressureusing cycle analysis)

2. Component contributionstoengine performance which are ableto be calculated:
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- component thrust, overall heat load, axial heating distribution estimation

(no information on component lift, sideforce, moments)

Component exit plane axial fluxes for estimating component-based engine performance able to
be calculated.'?

,

- yes

Component exit plane distortion information available?

- no

SCENARIO E:

1. Component experimental data provided:

- complete description of inflows

- overall Fx (thrust balance measure or equivalent)

- overall 0 (overall heat load)

- rio (exit) estimate from calorimetry

2. Component contributions to engine performance which are able to be calculated:

- component thrust, overall heat load

(no information on component lift, sideforce, moments, heating distribution)

3. Component exit plane axial fluxes for estimating component-based engine performance able to
be calculated?

.

- yes

Component exit plane distortion information available?

- no
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2.3.4.3.4 Definition of theComplete'Minimal' Experiment

Theminimalanalyticalenginesolver(therightblock of thefigure) hasbeendefinedasazero-order
cycle solver. Fundamentally,this level of solverrequiresinflow overallmassflow rate,inflow
streamthrust( rhU+ PA), and inflow total enthalpy flow rate along with a quasi-one-dimensional

area description for the downstream components to be analyzed. A skin friction coefficient is used

as a loss coefficient; this coefficient properly represents the modeling of all irreversibilities occurring

in the flow. A wall temperature distribution is also used (usually in conjunction with the Reynolds

Analogy) to model heat transfer fi'om the component. In addition, for combustor modeling (relevant

for inlet tests), fuel mass flow rate, momentum, and total enthalpy as well as some information

allowing the assessment of the degree of combustion is necessary in order to model reaction effects

in the flow.

Therefore, the MINIMAL requirement for a complete component experiment is that the results of

the experiment, suitably characterized with an acceptable amount of analysis, allow the subsequent

downstream calculation (estimation) of the engine flow'path performance using the minimal

analytical engine solver, i.e., the zero-order cycle solver. This implies that the experimental data,

as a mil_imum, must include overall axial force on the component, overall heat load, and a

combustion efficiency estimate, if relevant.

Note that this definition does not utilize flow distortion information; this then represents an

inevitable uncertainty associated with distortion as far as final performance (as estimated by the

analytical solver) is concerned. Furthermore, such a definition of the minimal requirement also

prioritizes the overall engine performance criteria (see the initial list); for example, the detailed

heating distribution information in the component is simply NOT necessary in order to meet this

particular definition of the minimal experiment. Furthermore, information relevant to moments and

out-of-axial forces may be missing from the experimental results for the minimal complete

experiment (as defined above). Downstream calculations at this minimal level are not dependent
on such information - any final estimates of overall engine out-of-axial forces and moments would

be incomplete without such information, however. Hence, this is TRULY a "MINIMAL" definition;

minimal does not equate with desirable or even necessarily acceptable, depending on specific

requirements.

The following provides brief discussions of what is considered to be the minimal experimental

information for a 'complete' component test.
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2.3.4.3.5 Minimally CompleteInlet Experiment

In thequasi-one-dimensionalcontextof this discussion, the inlet is a variable-area duct with heat
transfer and shear on surfaces and with internal irreversibilities.

The minimal information fi'om an experiment which allows calculation of the necessary fluxes for
subsequent engine analysis using a zero-order cycle solver is as follows:

i) adequate inflow conditions (mass flow rate rhai r )

ii) overall inlet axial force measurement, Fx

iii) overall heat transfer, O

From this information, one-dimensional inlet exit conditions can be computed which satisfy mass,

momentum, and enthalpy fluxes and the gas equation of state. The engine analytical cycle solver

can then be used to estimate the component performance in terms of overall engine performance.

Note that Fx may be found from comprehensive measurement of the spatial distribution of wall

pressures and wall shear stresses or from a force balance on the entire component. Similarly, 0 can

be found from comprehensive measurement of the spatial distribution of wall heat transfer or from

a bulk measure of the heat transferred from the component.

The (possibly critical) effects of flow distortion are neglected. Such effects can drive actual

downstream combustor component performance. Additionally, if bulk measurements of force and

heat are made, information on local heating and on component moment and out-of-axial force

contributions to the overall engine are not available. In addition, real gas effects are not considered
in this minimal view.
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2.3.4.3.6 Minimally CompleteCombustorExperiment

Fromthequasi-one-dimensionalstandpoint,thecombustoris consideredasavariable-areaductwith
heattransferandshearonsurfacesandwith internalirreversibilities.Additionally,therearemass,
momentum,andenergyadditionsassociatedwith fuel injectionatsomeaxiallocation(s)within the
component.Thereis someaxialdistributionof individual speciesmassfluxesdueto combustion
(i.e., somespeciesmassfluxesincreasewhile othersdecrease)whichcorrespondto theso-called
'heat-release'of exothermiccombustion.Note,however,thatthecombustionprocessdoesNOT
representthe addition of energyacrossthe boundaryasheat,i.e., it doesnot correspondto the
Rayleigh heatadditionprocess. It simply representsan internal transferof energywithin the
flow/fluid from chemical(molecular)modesto translationalmodes.

Theminimal informationfrom a combustor experiment which allows calculation of the necessary

fluxes for subsequent engine analysis using a zero-order cycle solver is as follows:

i) adequate inflow conditions definition (including injection conditions)

ii) overall inlet axial force measurement, Fx

iii) overall heat transfer, (_

iv) estimate of major species mass fluxes at exit plane (i.e., combustion efficiency, tic)

From this information, one-dimensional combustor exit conditions can be computed which

minimally satisfy mass, momentum, and enthalpy fluxes and the gas equation of state. The engine

analytical solver can then be used in order to estimate the combustor performance in terms of the

overall engine performance.

As noted for the inlet, Fx can be obtained either from a force balance on the component or from

adequate measurement of the spatial variation of the static pressure and wall shear stresses on wetted

surfaces. Similarly, t) can be obtained from either a global measurement or a detailed spatial

(integrated) measurement.

An estimate of the major species mass fluxes at the combustor exit plane (or at intermediate axial

location within the combustor) can be obtained from the experimental wall pressure data (actually

an adequate one-dimensional representation of the wall pressure data) by varying combustion

efficiency within an analytical solver over the combustor itself until analytical wall pressures match

experimental wall pressures. This process, however, represents the introduction of the analytical

solver into the component data characterization process itself (the middle interface of the figure);

the combustion efficiency obtained in such a fashion (regardless of how high-level the analytical

technique is which is used in obtaining it) is NOT experimental data, but instead represents a

combination of experimental and analytical results. Alternatively, the combustion efficiency can

be found using experimental calorimetry. Again, this requires analysis.

As noted for the inlet, the effects of flow distortion at the combustor exit are completely neglected

when a zero-order analytical solver is used for downstream computations. Additionally, information

on local heating and on component moment and out-of-axial force contributions may be neglected
as well.
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2.3.4.3.7 ComponentSummaryfor ExperimentalData(Minimally CompleteExperiment)

Thefollowing chartrepresentstherequirementsfor datafrom componentexperimentswhichallows
a minimum-level'complete' analysisof thecomponent-basedperformanceof theenginein terms
of a cycle-levelengineanalysis(level0).

engine 0 - 1.0 1.0 - 2.2
stations

forebody inlet/isolator

2.2 - 5.5

isolator/combustor/nozzle

Fx(J'P,,dS, r xwdS) F_(J'P_dS, I _wdS) F,(fP,dS, ; xwdS )

free stream conditions

exit flow conditions at 1.0

including Iilca p at 1.0

inflow conditions (1.0)

including rhai r

inflow conditions

including fuel conditions

tic (major species mass

fraction fluxes or ratios)

5.5 - 6.0

external nozzle/aftbody

F,(IP,dS, I Xw, dS)

Q

59



2.3.4.2 MODELING ANALYSIS AND SIMULATION
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2.3.4.2 MODELING ANALYSIS AND SIMULATION

2.3.4.2.1 OVERVIEW OF ENERGYCONSIDERATIONFORSCRAM.lETENGINES

Consideringthestreamtubeshownin Fig. 2, we canwrite the first law for the scramjet engine as

follows:

(sb)

(0

where

I_s r
i) H'_"°'=,',ou,nowf pule= a,(h,_+w_fC0,dW)+

(6)

"1

U2 + V2 + W2(LdAoutnow
2 j _6_

(2)

I_s r
ii) I_I'_*",6, = o-_owl 9u[ t=, °tt(ht_ + r,,tl CP tdT)+

112 +V 2 +W 2[dAin

2 I ":w
(3)

and ar = mass fraction of species

NCS = total number of species present

hto' = reference enthalpy at T,.,r

Cp_ -- specific heat of species Q

iii) I:It_,i.j.._= = - I
fuel orifices

0(%._) h_..,+ c._dT+vo, _on.oo
T_

(4)

Vinj = Uinjl + Vinj] + Winjk (5)
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iv)

(6)
outflow

Qwalls = .['clwdSw
(s,,) inflow

6

where dlw is the heat rate per area

transferred into fluid from the wetted (6)

surface of the engine

v)

(6)
outflow

Q freesurfaees = _qbdSb

(Sb) inflow
(o)

where _tb is the heat rate per area

transferred into fluid from the (7)

surrounding fluid interfaces
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2.3.4.2.2 OVERVIEW OF SECOND-LAWCONSIDERATIONSFORSCRAMJETENGINES

The fundamentalstatementof thesecondlaw of thermodynamicsfor thestreamtubeprocessedby

thescramjetengineis asfollows:

where:

$6 =

So =

fuel =

reversible =

heat
transfer

and

Sirr =

a)

b)

c)

d)

e)

56 = So + S fuel + Sreversible + Sirr (8)

heat
transfer

entropy per second passing through outflow plane

entropy per second passing through inflow plane

entropy per second passing through fuel injection orifice

entropy per second associated with all heat transfer from all boundaries to the fluid

in the control volume

Sreversible + S reversible

heat transfer(Sw) heat wansfer(S b)

entropy per second generated inside the central volume due to irreversible

mechanisms within the control volume. These irreversible mechanisms are as

follows:

friction between adjacent streamtubes

heat transfer between adjacent streamtubes

(diffusive) mass transfer between adjacent streamtubes

non-equilibrium chemical reactions

shocks also associated with a) and b)
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By definition,

Splan e =

NCS

j* pti( _=l ct'_'s_)dAplane

plane

(9)

where

Sd = So/ +

T

dT P__ _ rt_nX t
J" Cpt _- rt Pref

r_

(10)

with So_ = reference entropy at Tref, Pref of species Q

r_ = gas constant for species Q

X_ = mole fraction of species _.
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2.3.4.2.3 MINIMUM-LEVEL CYCLE CODEDESCRIPTIONAND REQUIREDINPUTS

The following equationsanddiscussionsummarizethe minimum requirementsfor a cyclecode

simulationof ascramjetengineincluding requiredinputsfor thesimulation. Note that individual

componentsmaynot requirethe levelof detailembeddedwithin theseequations: i.e., a mixing

efficiency distributionwould not be generallyrequiredin a nozzlesimulation. However,in the

interestof generality,all termsrelevantto a completeenginesimulationareincludedhere.

.

Sw S_.j

.1 pu2Cfcdx + Uinjdrilfuel
2

Note that refuel = uinfi + vinj] + winj 1_ (See Fig. 6)

. f Td puA[ _l °tt(ht°_ + "[ CptdT) +
T_

where Taw = T +_
i-il 2

2Cpmix

(r = recovery factor)

Cf
-- ouCp. (%,- T,w)cdx
2
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4. P = pRT where R = Runiv
mWtot

and
1

mwtot - NCS o_
5_
_=1 mwe

{mw = molecular weight}

.

where w e = mass of species Qproduced per unit time per unit volume (at P, T) due to chemical

reactions.

vce is properly evaluated using finite-rate kinetics (i.e., non-equilibrium kinetics). Finite-rate

chemistry is inclusive of the limits of both equilibrium chemistry and frozen chemistry. Equilibrium

chemistry is approached when w t approaches zero (due to forward rate and backward rate equality).

Frozen chemistry approached as u becomes very large such that d(ctf) approaches zero; the time

scale (dx/u) associated with fluid dynamic transport across dx is then much smaller than the time

scale associated with relaxation of chemical equilibrium.

Finite-rate chemistry calculations automatically develop a progressive combustion efficiency

distribution with x (rio(x)) due to the kinetics. For problems which are mixing-limited, an extemally

developed mixing efficiency distribution, rlm(x), can be input in order to provide an upper 'mixing'

limit on the degree of combustion at any x station. For such problems, w_ is simply set to zero

when and if rio(x) z rlm(X).
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The change in mass fractions d(ctq) can also be evaluated using complete reaction (in which all

available reactants go to products). Without external (imposed) control, reaction would simply be

instantaneous, i.e., no rk(x) distribution would be developed. Therefore, the technique of complete

reaction demands an input 'mixing' efficiency, rim(x), as an upper limit on the degree of combustion

such that rl_(X ) = rlRrlm(X). Here fir is an input 'reaction efficiency'. Such a method simply limits

('schedules') the heat of reaction or equivalently limits ('schedules') the formation of products.

Required inputs or models for MINIMUM 1-D cycle code solutions for scramjet engine are as

follows:

1. full geometry definition; including injector locations and sizes

2. characteristic one-dimensional inflow conditions; inclusive of mass capture

3. characteristic one-dimensional fuel inflow conditions; inclusive of fuel mass flow rate

4. 'average' skin friction coefficient distribution based on rw = Cf 1 pu 2

5. major inflow constituents (mass fractions for inflow)

6. recovery factor; recovery factor distribution

7. adequate finite-rate reaction mechanisms/model i.e., 'adequate' reactions/'adequate' species,

including finite-rate reaction constants

8. 'average' wall temperature distribution

9. mixing efficiency distribution

10. reaction efficiency (for complete reaction-based solvers)

11. adequate thermodynamic curve fits for all major species across temperature range encountered

in engine
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